Fatty acid composition was determined during several stages of sexual development in Neurospora crassa. Triacylglycerol was the predominant acyl lipid in cultures undergoing sexual development. The absolute amounts of triacylglycerol in fertilized cultures varied over time, in contrast t o control (unfertilized or mock-fertilized) cultures, in which the amount of triacylglycerol decreased linearly with age. In cultures competent to undergo sexual development, a-linoleate was the predominant fatty acid, ranging from 53 to 65 YO of the total fatty acid mass. a-Linolenate was 3 O/ O or less of the total fatty acid, in marked contrast to the much higher levels (10-35%) typically reported for vegetative cultures. In fertilized cultures, a slightly higher mass ratio of oleate was also observed. This difference was due to the developing asci : in developing asci and mature ascospores, oleate replaced a-linoleate as the predominant fatty acid (45 to 50% o f the total). In germinating ascospores, the fatty acid composition approached that of vegetative cultures 6 h after inducing germination by heat activation. These results show that the fatty acid composition of sexual tissues of Neumspora differs substantially from the composition of asexual tissues, and that extensive changes in fatty acid composition correlate with several events in the sexual stage of development. 
INTRODUCTION
Neurospora crassa is a filamentous fungus that is able to undergo both asexual and sexual reproduction. Neurospora cultures become competent for sexual development when nitrogen is limiting, forming female sexual structures (protoperithecia). Fertilization of a protoperithecium by a strain of opposite mating type initiates formation of the perithecium (fruiting body) and leads to production of sexual progeny or ascospores (reviewed by Raju, 1992) . In contrast to the much simpler structures of unicellular yeasts (in which isolated asci containing the sexual progeny develop in the absence of any supporting tissue), the fruiting body structures of filamentous fungi include both the sexual tissue and supporting asexual tissues. Sexual development in filamentous fungi thus requires sensing of appropriate environmental conditions, followed by interactions between the parental strains that ultimately lead to the production of several types of specialized tissue. Throughout development of the fruiting body, cell signalling occurs routinely (reviewed by Nelson, 1996) . Over 200 mutations affecting sexual development in Neurospora have been identified (Raju, 1992) . The defects of most mutants are not known.
Several diverse lines of evidence suggest that fatty acids or related lipids are important to sexual development of filamentous fungi. In Neurospora, unsaturated fatty acids, especially a-linoleate (18 : 2), dramatically stimulate subsequent production of fruiting bodies when applied before fertilization (Nukina et al., 1981) . We have observed even greater stimulation by applying oleate (18 : 1) (Nelson & Oldrup, unpublished data) , an unsaturated fatty acid not tested by Nukina et al. (1981) .
0002-2483 0 1998 SGM Similar observations have been made of the stimulation of oogonial development in Phytophthora cinnamomi (Zaki et al., 1983) and of the production of fruiting bodies in Nectria haematococca (Dyer et al., 1993) and Ceratocystis ulmi (Marshall et al., 1982) by unsaturated fatty acids. Furthermore, Neurospora ufa mutants, impaired in the desaturation of stearate (18: 0) to 18 : 1, also have impaired fertility, which is improved by supplementation of crosses with 18:l (Perkins & Pollard, 1987; Goodrich-Tanrikulu et al., 1994) . Mutants impaired in later fatty acid desaturation steps also have impaired fertility, which can be improved by adding unsaturated fatty acids to the crossing medium (Goodrich-Tanrikulu et al., 1995). In contrast, a mutant impaired in the synthesis of saturated fatty acids (cel) does not require fatty acid supplementation to yield fertile crosses. This evidence suggests a critical role for unsaturated fatty acids in sexual development.
Extracts of lipids from Neurospora cultures undergoing sexual development stimulate fruiting body formation (Islam, 198 1) . Extracts from Pyrenopeziza brassicae have a similar effect in many filamentous fungi, including Neurospora, and the active compounds appear to be structurally related to glycosphingolipids (Siddiq et al., 1989). Interestingly, disruption of a glycolipid transfer protein homologue in Podospora anserina also interferes with ascospore development (Saupe et al., 1994) . In Aspergillus nidulans, fatty acid metabolites (hydroxylated 18:2 derivatives) known as psi factors have been shown to be inducers of sexual development (Mazur et al., 1990 (Mazur et al., , 1991 1990) . However, fatty acid composition has been reported only for cultures undergoing asexual development. We anticipated that other environmental and developmental events might also influence fatty acid composition. This study provides information on the fatty acid and lipid composition of N. crassa during normal sexual development. We investigated the fatty acid composition of cultures competent for sexual development, as well as the composition of both sexual and asexual tissues at different stages during sexual development. Our study provides a foundation to examine signal transduction pathways specific to sexual development and to elucidate the defects of mutants in both sexual development and fatty acid metabolism.
METHODS
Strains. N. crassa strains were obtained from the Fungal Genetics Stock Center (FGSC), University of Kansas Medical Center, Kansas City, KS, USA. The following strains were used: the wild-type strains 74-OR23-IV A (FGSC 2489) and ORS a (FGSC 2490) , and the fluffy strains fl a (FGSC 4347) and fE A (FGSC 4317). A and a are the two mating types of N.
crassa.
Cultures for fatty acid analysis. The N. crassa fluffy strain ( fl a ) was used as female parent to minimize production of asexual spores (macroconidia) and to maximize production of perithecia (fruiting bodies). It was inoculated onto plates of Westergaard's crossing medium plus 1 ' / o (w/v) sucrose (Westergaard & Mitchell, 1947) covered with 82 mm circles of Miracloth (Calbiochem) to facilitate later removal of mycelia or perithecia for lipid analyses. After incubation for 7 d at 25 "C, the fluffy plates were either fertilized with 2 ml of a lo8 ml-l conidial suspension from a wild-type strain of opposite mating type (74-OR23-IV A), mock-fertilized with the same number of conidia from a wild-type strain of the same mating type (ORS a ) , or left unfertilized. Incubations at 25 "C in the light were continued for the times noted below.
At 0, 2, 5, 7 and 10 d post-fertilization (or after the mockfertilization), cultures were harvested by lifting off the Miracloth and adhering culture with forceps, cutting the Miracloth into four equal-sized sections and freezing each in liquid nitrogen. All samples were stored frozen until lipid extraction.
To test dependence of fatty acid composition on strain and culturing conditions, wild-type (74-OR23-IV A) or fluffy ( fE a) cultures were inoculated either onto Westergaard's crossing medium, or onto synthetic crossing medium or Vogel's medium N (Davis & deSerres, 1970) , covered with Miracloth as above and cultured at 25 or 34 "C for 7 or 15 d before harvesting.
Isolation of asci (sexual tissue) and external fruiting body (asexual) tissue. The fluffy ( fl a) strain was inoculated onto crossing medium and incubated as described above. After 7 d, the protoperithecia (female sexual structures) were fertilized by spreading the plates with suspensions of conidia of the wild-type strain 74-OR23-IV A. At 7, 10 and 13 d postfertilization, 100 perithecia were removed from the cultures and cleaned (external hyphal tissue removed). The asci within the fruiting bodies were extruded into a small amount of sterile water and immediately frozen in liquid nitrogen, after which all remaining tissue (the asexual external tissue) was separately frozen.
Germination of ascospores. Mature ascospores (500000) harvested from a cross of fl A x ORS a were added to 15 ml tubes in 1 ml Vogel's medium N with 1% sucrose. The suspensions of ascospores were heat-activated for 30 min at 65 O C to break dormancy and incubated at 25 "C with rocking to allow germination. For analyses, the ascospores or germlings were frozen in liquid nitrogen after the following treatments : no heat activation, immediately after heat activation (0 h), and at 3, 6, 12 and 24 h after heat activation. Germination was about 50% at 6 h and reached approximately 95 O/ O by 24 h.
Lipid extraction and fatty acid analyses. Frozen Miracloth sections and other samples were immersed in hot (70°C) isopropyl alcohol to inactivate lipases, then extracted and analysed as described by Goodrich-Tanrikulu et al. (1994) . In brief, aliquots of extracts were used to determine total fatty acid composition and aliquots were also applied to TLC plates to separate triacylglycerols from other neutral lipids and from polar lipids. Fatty acid methyl esters of triacylglycerols, polar lipids and total lipids were analysed by GLC, with methyl heptadecanoate as internal standard for quantification.
Replication and statistical comparisons. As a test of variability, extracts from more than one of the four Miracloth sections of each culture were compared in preliminary studies. Variability among sampled sections was about 13 %. Remaining Miracloth sections were used for culture dry mass determinations, by subtracting the mass of equal-sized pieces of Miracloth alone. Results for cultures sampled at each time after fertilization or germination were obtained from at least two experiments, generally in duplicate. Results from isolated asci and fruiting bodies of different ages were obtained from harvested material in three separate experiments. We used InStat software (GraphPad Software) for statistical comparisons. The Student's t-test was used to assess the statistical significance of differences in values between treatment times, and between fertilized and unfertilized or mockfertilized cultures. Linear regression was used to evaluate the significance of changes over time.
RESULTS AND DISCUSSION

Timing of sexual development
Perithecia (fruiting bodies) are readily visible in Neurospora cultures within 2 d after fertilization, and by 5 d post-fertilization the fruiting bodies are filled with young asci. Within a fruiting body, development is asynchronous, so that at later stages both immature asci and those containing mature ascospores are present. Ascospore delineation is evident in many of the asci 7 d after fertilization. In the 10 d post-fertilization fruiting bodies, an entire range of asci is present, from those that have not formed even immature ascospores to those with mature (black) ascospores that will soon be ejected.
At 13 d post-fertilization, most of the asci have discharged their contents, but some asci contain spores (that will be ejected) and other asci lacking spores are still observed.
Fatty acid and lipid composition in cultures competent for sexual development
The lipid classes of Neurospora cultures competent for sexual development were the same as those observed in cultures at other developmental stages (Bianchi & Turian, 1967; Ballou & Bianchi, 1978; Aaronson et al., 1982; Goodrich-Tanrikulu et al., 1994) . Specifically, fatty-acyl-containing lipids identified following TLC separation of extracts were phosphatidylcholine (the predominant polar lipid), phosphatidylethanolamine, phosphatidylinositol, triacylglycerols (the predominant neutral lipid) and diacylglycerols. Sterols and sterol esters were also present, as were smaller amounts of other lipids, including other phospholipids and unidentified compounds.
We used the superfertile fluffy (fl) mutant of N. crassa (Lindegren et al., 1939) as the female parent to maximize the ratio of mating to vegetative tissues. Fluffy cultures grown under nitrogen limitation at 25 "C, conditions inducing formation of female sexual organs (protoperithecia), had much lower levels of 18 : 3 than usually reported for Neurospora ( Table 1) . The relative percentage 18 : 3 present in total lipids was 2-3 Yo in cultures grown on plates of Westergaard's medium, compared to typical values of 10-35 % in cultures grown at a similar temperature on plates of Vogel's medium N (for Table I . Effect of strain and culture conditions on fatty acid composition of Neurospora cultures Cultures were inoculated and grown for the time indicated as described in Methods, or, in the case of wild-type (wt) (macro)conidia, were harvested from cultures grown for 7 d. The fluffy ( fl) strain does not produce macroconidia. Neither fluffy nor wild-type produce protoperithecia on Vogel's medium N (VMN). On low-nitrogen media such as SCM (synthetic crossing medium) and Westergaard's, both fluffy and wild-type produce protoperithecia at 25 "C but not at 34 "C. Relative percentage fatty acid composition of total lipids (mass basis) was determined after extraction and GLC of fatty acid methyl esters. 
Changes in lipids during sexual development
We compared fertilized Neurospora cultures to two sets of control cultures, one consisting of unfertilized cultures and the other of mock-fertilized cultures ('fertilized' with a strain of the same mating type; no fruiting bodies develop under these conditions). This comparison allows identification of events specific to the fertilized cultures undergoing sexual development.
With the exception of triacylglycerol, the amounts of individual lipids visible by TLC did not change over time or among these treatments. However, the fatty acid content in polar lipids was analysed as a means of more precisely estimating quantitative changes in membrane lipids during sexual development. Polar lipid content fluctuated over time, but culture mass also fluctuated, averaging 160 mg dry mass per plate. Consequently, the ratio of polar lipid fatty acid to culture mass was nearly constant for all treatments and times, averaging 5.5 pg mg-l, showing a good correlation between membrane mass and culture mass.
The largest proportion of the total fatty acid in the cultures was derived from triacylglycerols, which contributed about 65 Yo of the total fatty acid in unfertilized cultures, and from 40% (at 7 d) to 65% of the total in both the fertilized and mock-fertilized cultures. At the time of fertilization, the mean triacylglycerol content was 27 pg (mg dry mass)-', or an absolute content of 4 2 mg per plate. After this initial value, the triacylglycerol content of unfertilized cultures decreased linearly at a rate of 025 mg d-l; the triacylglycerol content of mock-fertilized cultures decreased faster, at a rate of 035 mg d-l (Fig. 1) . The difference between rates of decrease was significant (difference between slopes after linear regression significant at 95 YO confidence interval). The decrease in triacylglycerol content over time in these control cultures appears to be partly an effect of age of the culture, since it was observed in unfertilized cultures. The more rapid decrease in triacylglycerol content over time in mock-fertilized cultures than in unfertilized cultures may indicate a specific response to the introduction of conidia not competent for fertilization.
In contrast, the triacylglycerol content of fertilized cultures was transiently higher, then lower relative to both control cultures (Fig. l) , and after 5 d remained constant. The transient increase in triacylglycerol content of fertilized cultures suggests rapid triacylglycerol synthesis within the first 2 d post-fertilization, correlating with perithecial enlargement. This increase was followed by re-utilization of about 65% of the stored triacylglycerol by 5 d post-fertilization. The accompanying increase in polar lipid content was much smaller, so that only a portion of the fatty acids lost from triacylglycerol (11 YO) could have been converted into membrane lipids. The remainder presumably was metabolized via p-oxidation.
The mean total fatty acid for these same cultures was 42 pg fatty acid in lipids per mg culture dry mass at the time of fertilization. For both the fertilized and mockfertilized cultures harvested just after fertilization, the fatty acid content and dry mass were slightly lower than for the controls left unfertilized. No contribution to the total fatty acids from the fertilizing conidia was observable. Over time, the total fatty acid content of lipids from both unfertilized and mock-fertilized cultures reflected the decrease in triacylgycerol content. At 10 d postfertilization, the unfertilized cultures contained 23 pg and the mock-fertilized 12 pg total fatty acid (mg dry mass)-l. The fatty acid content of fertilized cultures over time showed more complex changes, increasing by 2 d post-fertilization to 50 pg (mg dry mass)-l, decreasing rapidly by 5 d to 18 pg (mg dry mass)-' and then remaining almost constant through to 10 d. The changes in fatty acid content of fertilized cultures were also due primarily to the changes in triacylglycerol content, rather than to changes in culture mass. Total lipid fatty acid composition of the cultures reflected the relative contributions of triacylglycerols, polar lipids and other minor lipids, with 18:2 comprising between 53 and 65 % of the total by mass for all treatments and times (not shown). In addition to the observed decreases in amount of triacylglycerols, the fatty acid composition of triacylglycerols from both unfertilized and mock-fertilized cultures also changed over time. The most marked change was an increase of 18 : 2 from about 47 O/ O to 65 YO over 10 d, with a corresponding decrease of 18: 1 (Fig.   2a, b) . In fertilized cultures, although the relative percentage of 18 : 2 in triacylglycerols initially increased, it subsequently decreased to 46% between 7 and 10 d post-fertilization, whereas the relative percentage of 18: 1 increased during this same period; at 10 d, 18 : 1 made up 30% of the fatty acid in triacylglycerols of fertilized cultures (Fig. 2c ), compared to 10% for both unfertilized and mock-fertilized cultures (Fig. 2a, b ). An increase in relative percentage 18 : 1 of fertilized cultures was observed in polar lipids much sooner after fertilization (by 2 d, prior to the delineation of asci ; Fig. 2d ).
In contrast, the polar lipid fatty acid composition of both control cultures resembled that of fertilized cultures at time 0 and was unchanged over time (data not shown).
The considerably earlier increase in relative percentage 18:l of fertilized cultures in polar lipids (Fig. 2d ) compared to triacylglycerols (Fig. 2c ) strongly suggests that the composition changes observed later in triacylglycerols are initiated in polar lipids. However, polar lipids have a higher relative percentage of 18:2 and lower percentage of 18 : 1 than do triacylglycerols (Fig.   2c, d ), suggesting that 18: 1 is selectively incorporated into triacylglycerols, presumably in the developing ascospores or associated asexual tissues. The observed decrease in percentage 18 : 1 accompanying the decreases in triacylglycerol content (Fig. 1 ) in fertilized cultures between 2 and 5 d, and in control cultures at all times examined, suggests that 18 : l-containing triacylglycerols are being preferentially metabolized. 18 : 1 released from triacylglycerols by lipases may be p-oxidized, or desaturated to 18 : 2. Between 5 and 10 d post-fertilization, the amount of triacylglycerol was constant in the fertilized cultures (Fig. 1) , so the changing triacylglycerol fatty acid composition between 7 and 10 d postfertilization indicates either turnover or retailoring of the composition of previously synthesized triacylglycerols as asci are maturing.
Fatty acid composition of fruiting bodies and developing asci
Fruiting bodies consist of sexual tissue (asci) and asexual tissue (external fruiting body tissue). To compare the fatty acid compositions of the sexual and asexual tissues, we isolated fruiting bodies and separated the asci from the external tissue (at 7, 10 and 13 d post-fertilization).
Most of the fatty acid in both asci and the external tissue of fruiting bodies was present in the form of triacylglycerols (40-75 Yo, depending on developmental stage). Polar lipids typically accounted for another 9-12% of the total. Asci and ascospores also contained an unidentified lipid, not containing hydrolysable fatty acid. This compound may be sporopollenin, a carotenoidderived polymer reported to be present at high levels in ascospores (Brooks & Shaw, 1978) . Other lipids appeared to be absent. Mean fatty acid content for asci obtained from a single fruiting body was 0.3 pg at each of the times after fertilization. Mean fatty acid content for emptied fruiting bodies was more variable among experiments (02-0.9 pg per fruiting body) and did not appear to correlate with developmental age. Since the mass of fruiting bodies is considerably higher than that of asci, the percentage fatty acid content of asci is greater by mass. The fatty acid composition of external (asexual) fruiting body tissue was similar to that of all Neurospora cultures (fertilized or control) grown on crossing medium at 25 "C, with high levels of 18:2 produced. Therefore, the high 18:2 content may be attributable partly to the presence of protoperithecia in the cultures. It can also be inferred that the fatty acid composition of protoperithecia is similar to that of the asexual perithecial tissues, although this was not directly tested, due in part to the difficulty of isolating substantial amounts of protoperithecia. A high 18:2 content appears to be a characteristic of cultures forming protoperithecia, and not simply due to growth on low-nitrogen medium, since fatty acid analyses of fluffy and wild-type cultures grown on Westergaard's medium at 25 "C and at 34 "C (a temperature at which protoperithecia do not form; Perkins, 1986) showed that the 34 "C-grown cultures had a lower proportion of 18 : 2 and a higher proportion of 18:3 (Table 1) . This is the converse of the typical Neurospora temperature response, in which higher 18 : 3 is correlated with lower temperatures (see, for example, Martin et al., 1981 ; Vokt & Brody, 1985) .
In contrast to the asexual tissue of fruiting bodies, developing asci (as well as mature ascospores) contained an unusually high relative percentage of 18 : 1, typically ranging from 45 to SO% of the total fatty acids (Fig. 3) .
The increasing proportion of 18 : 1 in fertilized Neurospora cultures presumably reflects the contribution to total lipid from the increasing number of maturing asci present in the older cultures. 
Changes in lipids during ascospore germination
The fatty acid composition of ascospores before and immediately after heat activation to induce germination was indistinguishable, but over 24 h, the relative percentage of 18:l in polar lipids decreased (Fig. 4a, b) . Following heat activation, total fatty acid in germinating ascospores cultured in Vogel's medium N increased linearly at a rate of 0.21 mg per d per lo6 ascospores (not shown). In Neurospora tetrasperma, the primary source of metabolic energy in germinating ascospores is carbohydrate, although lipids can be utilized as a secondary source of energy, since in the absence of exogenously provided nutrients, total lipid content decreases by about half over 24 h (Lingappa & Sussman, 1959) .
Triacylglycerol accounted for much of the total fatty acid in germinating ascospores. Triacylglycerol content increased from about 60% of the total fatty acid in mature ascospores to 8&90 Yo of the total between 3 and 12 h after heat activation. By 24 h after heat activation, triacylglycerol content had decreased to 40% of the total, with most of the remaining fatty acid (55%) present in the form of polar lipids, suggesting utilization of triacylglycerols for the synthesis of membrane lipids. Fatty acid content in polar lipids increased most quickly during the same period, between 12 and 24 h after heat activation (from 32 to 140 pg per lo6 ascospores). The amounts of three other lipid classes, tentatively identified as 1,2-diacylglycerols, free sterols and sterol esters, increased noticeably between 3 and 24 h after heat activation, as observed following TLC separations of total lipids (chromatogram not shown). The rapid production of membrane lipids such as phospholipids and sterols is expected, given the extensive mycelial growth which occurs during this time. The fatty acid composition of germinating ascospores showed a gradual progression to the composition of typical vegetative cultures and was essentially typical by 24 h (Fig. 4a) . In particular, the relative proportion of 18: 1 decreased, and that of 18:2 and 18:3 increased.
The increasing proportion of 18 : 3 was noticeable earlier in polar lipids (Fig. 4b ) than in total lipid (predominantly triacylglycerol ; Fig. 4a ). These observations, as well as observations of earlier changes in 18 : 1 composition in polar lipids compared to triacylglycerol (Fig. 2c, d ), are consistent with a role of phosphatidylcholine as an intermediate in triacylglycerol biosynthesis. Desaturation of 18: 1 to 18 :2 and 18 : 3 occurs on a phosphatidylcholine substrate (Baker & Lynen, 1971) . During development and germination of ascospores, the activity of the 18 : 1 and 18 : 2 desaturases must be differentially regulated. During ascospore development, 18 : 3 is nearly absent and 18 : 1 accumulates, so the activity of the 18 : 1 desaturase must decrease and that of the 18 : 2 desaturase remain low. In contrast, during germination, the relative levels of both 18 : 2 and 18 : 3 increase, so the activity of both desaturases must increase.
Ascospores have most of their lipid in the form of triacylglycerols, with smaller amounts of phospholipids and only trace amounts of other lipids. In striking contrast, in macroconidia, 94 % of the lipid is phospholipid (Bianchi & Turian, 1967) , and in microconidia, only trace amounts of triacylglycerol and phospholipid are present, the major lipids being sterols and sterol esters (Ballou & Bianchi, 1978) . Ascospores and macroconidia also differ dramatically in fatty acid composition. Macroconidia contain high relative levels of 18 : 2 and 18:3, and low levels of 18: 1 (Table 1) . Ascospores have only trace levels of 18 : 3 (pre-activation, Fig. 4a) . A high proportion of 18 : 3 is strongly associated with cultures grown at low temperatures (Vokt & Brody, 1985) and is believed to be partly responsible for adaptation to low temperatures. However, 18 : 3 is also highly susceptible to oxidation. Thus, the differing fatty acid composition of ascospores may at least partly account for several of their characteristic physiological features : inability to survive freezing temperatures, ability to survive heat needed for activation and longterm viability (Perkins, 1986) .
Conclusions
With this study, fatty acid composition data are now available for N. crassa throughout its development. We have shown that the fatty acid composition of Neurospora cultures competent for sexual development differs substantially from the composition of cultures during asexual development. In addition, the fatty acid composition of developing asci is distinct from that of the asexual supporting tissue of the fruiting body. The lipid composition of ascospores is also distinct from both types of asexual spores formed by Neurospora. Both polar lipids and triacylglycerols undergo significant changes in amount or composition during several stages of sexual development, indicating that major changes in lipid metabolism correlate with specific developmental events.
